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•  Quark	
  transverse	
  component	
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•  The	
  kinemaBcs	
  of	
  the	
  iniBal	
  and	
  final	
  states	
  
must	
  be	
  kept	
  exact.	
  

•  The	
  sums	
  over	
  physical	
  final	
  states	
  must	
  be	
  
kept	
  explicit.	
  

•  To	
  avoid	
  making	
  kinemaBcal	
  approximaBons	
  
in	
  the	
  iniBal	
  and	
  final	
  states,	
  the	
  factors	
  
need	
  to	
  be	
  funcBon	
  of	
  all	
  components	
  of	
  
parton	
  four-­‐momentum.	
  

•  The	
  hard-­‐scaRering	
  matrix	
  element	
  should	
  
appear	
  as	
  on-­‐shell	
  parton	
  matrix	
  element	
  in	
  
the	
  final	
  factorizaBon	
  formula.	
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and l are equal and opposite, so that the internal parton
transverse momentum obeys k2

t ! l2t ! k2
T;X. Thus

 s ! "l0 # k0
X$2 !

! """"""""""""""""""""""""""""
M2
J # k2

t # l2z
q

#
"""""""""""""""""""""""""""""""""
M2
X # k2

t # k2
z;X

q #
2
:

(18)

Since M2
X;M

2
J; l

2
z ; k2

z;X > 0, we have 4k2
t < s. Thus, from

Eq. (17) we get a strict upper limit on the kinematically
allowed values of k2

t ,

 k2
t <
"1% x$

4
M2
p #

Q2

4x
"1% x$: (19)

When x is close to 1, this limit is much less thanQ2. This is
in gross contradiction to Eq. (8) where the integral over k is
unrestricted. Even if we apply renormalization at a scale
!&Q, this implies an effective cutoff of order Q, far
above the actual kinematic limit. However, it is not suffi-
cient to set !&Q

""""""""""""
1% x
p

, since corrections to the photon
vertex still have an external virtuality Q2, for which the
scale !&Q is appropriate. There is a mismatch of scales.
Therefore, we have an example where Eq. (8) is inappro-
priate even for a totally inclusive process.

There are further problems with using the framework of
standard collinear factorization for observables that are
differential in final-state kinematics. This is illustrated in
Fig. 3 where the photon-quark vertex is now accompanied
by initial- and final-state showers. This situation is appro-
priate not only for the discussion of jet cross sections, but
also for the theory of Monte Carlo event generators
(MCEGs). Then the mass of the outgoing jet is given by

 m2
J ! "k# q$2 ! 2"k# % xP#$

!
k% # Q2

2xP#

#
% k2

t ; (20)

so that

 k# ! xP# # m2
J # k2

t

2"q% # k%$ ; (21)

which is strictly greater than xP#. (Note that k% is always
negative.) This shows that away from collinear kinematics,
there is a substantial inconsistency between the value of the
longitudinal momentum used to evaluate the parton den-
sity, namely k# ! xP# ’ xBjP#, and the correct value of

k#. Since we must allow the transverse momentum and the
parton virtualities to range up to large values, this repre-
sents a substantial shift in k#. The value of k# depends on
both target-related and jet-related variables, so particularly
difficult problems arise in constructing a systematic treat-
ment of higher-order corrections in a factorization frame-
work with conventional PDFs, as explained by Collins and
Zu [6]. Different numerical values for the same quantity
are used at different places in the formalism.

The important conclusion of this section is that the steps
that allow one to replace Fig. 1(b) with Fig. 1(a) introduce
possibly large errors in certain types of calculations. Since
the kinematical approximations that allow us to replace
Eq. (3) by Eq. (8) are what normally allow us to replace the
final-state jet bubble in Fig. 1(b) with the on-shell massless
parton in Fig. 1(a), then a unified treatment must improve
the approximations to avoid changing momenta in the final
state.

III. WHAT IS NEEDED

In the last section, we argued that some of the approx-
imations that lead to the parton-model formula need to be
avoided, because they produce large kinematical errors that
affect the measured final state. Furthermore, from the
analysis of Libby and Sterman [32], we know that for
QCD the correct starting point is the sum of regions
represented by Fig. 1(c), and not just graphs (a) or even
(b). In order to get a factorization formula and be able to
perform perturbative calculations, we need to rewrite
Fig. 1(c) in a useful approximation as the product of a
hard part that can be calculated directly with ordinary
Feynman graphs for on-shell external partons, and a col-
lection of universal parton correlation functions to describe
the nonperturbative physics. Therefore, what is needed is a
set of approximations and Ward identities that reduce
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FIG. 3. An event in which the collinear, on-shell matrix ele-
ment—the photon-quark vertex in this example—is accompa-
nied by initial- and final-state showers. (In the showers, solid
lines denote both quarks and gluons.).

FIG. 2. The amplitude for "'p scattering into two jets with
fixed masses.
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k#. Since we must allow the transverse momentum and the
parton virtualities to range up to large values, this repre-
sents a substantial shift in k#. The value of k# depends on
both target-related and jet-related variables, so particularly
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ment of higher-order corrections in a factorization frame-
work with conventional PDFs, as explained by Collins and
Zu [6]. Different numerical values for the same quantity
are used at different places in the formalism.

The important conclusion of this section is that the steps
that allow one to replace Fig. 1(b) with Fig. 1(a) introduce
possibly large errors in certain types of calculations. Since
the kinematical approximations that allow us to replace
Eq. (3) by Eq. (8) are what normally allow us to replace the
final-state jet bubble in Fig. 1(b) with the on-shell massless
parton in Fig. 1(a), then a unified treatment must improve
the approximations to avoid changing momenta in the final
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imations that lead to the parton-model formula need to be
avoided, because they produce large kinematical errors that
affect the measured final state. Furthermore, from the
analysis of Libby and Sterman [32], we know that for
QCD the correct starting point is the sum of regions
represented by Fig. 1(c), and not just graphs (a) or even
(b). In order to get a factorization formula and be able to
perform perturbative calculations, we need to rewrite
Fig. 1(c) in a useful approximation as the product of a
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FIG. 3. An event in which the collinear, on-shell matrix ele-
ment—the photon-quark vertex in this example—is accompa-
nied by initial- and final-state showers. (In the showers, solid
lines denote both quarks and gluons.).

FIG. 2. The amplitude for "'p scattering into two jets with
fixed masses.
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z̃

z

x

y

q

P

k

k0

k00

Ph,1

Ph,2

k00? ! {?

Collinear	
  FFs:	
  DSS	
  or	
  HKNS	
  	
  

Gaussian	
  with:	
  

Collinear	
  PDFs:	
  MSTW	
  
Gaussian	
  with:	
  

Unfavored	
  FF	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  being	
  calculated	
  from	
  four-­‐momenta	
  conservaBon.	
  k00? ! {?

hk2
?iq = Dq ⇥ (0.01 + x)0.9 · (1� x)6.

hp2
?iq = Cq ⇥ z · (1� z)0.9



hw
Entries     2.34125e+07
Mean    10.48
RMS     2.273

]2W[GeV/c
0 2 4 6 8 10 12 14 16 18 200

20

40

60

80

100

120

140
310×

hw
Entries     2.34125e+07
Mean    10.48
RMS     2.273

Outcome	
  of	
  MC	
  at	
  160	
  GeV	
  

11	
  

hQ2
Entries     2.34125e+07

Mean    3.436

RMS     3.301

]2 [(GeV/c)2Q
0 5 10 15 20 25 30 35 401

10

210

310

410

510

610
hQ2

Entries     2.34125e+07

Mean    3.436

RMS     3.301

Como, June 12, 2013  Anna Martin 

azimuthal asymmetries  
  SIDIS data collected in 2004 with 6LiD target 

event / hadron selection 

Nice	
  agreement	
  (COMPASS	
  acceptance	
  is	
  not	
  applied	
  to	
  MC)	
  	
  

MC	
   MC	
  



Outcome	
  of	
  MC	
  at	
  160	
  GeV	
  

12	
  

hMrho0
Entries  1413550
Mean   0.7154
RMS     0.307

[GeV/c]-π+πM
0 0.5 1 1.5 2 2.5 30

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000
hMrho0

Entries  1413550
Mean   0.7154
RMS     0.307

Como, June 12, 2013  Anna Martin 

hadron pair (h+h-) multiplicities 
  

MC	
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  A.MarBn	
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  at	
  Como.	
  

Vector	
  meson	
  producBon	
  in	
  MC	
  is	
  not	
  included	
  yet!	
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z dependence   
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A.	
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With	
  current	
  model	
  I	
  can	
  not	
  describe	
  low	
  z	
  

A.	
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  2013	
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Quarks	
  Intrinsic	
  transfer	
  momenta	
  “smearing”	
  is	
  in	
  the	
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  of	
  factor	
  2-­‐	
  5	
  Bmes.	
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z̃

z

x

y

q

P

k

k0

k00

Ph,1

Ph,2

k00? ! {?

J-­‐H.	
  Gao,	
  Z-­‐T.	
  Liang,	
  X-­‐N.	
  Wang,	
  
arXiv:1001.3146	
  
Smearing	
  effect	
  on	
  the	
  azimuthal	
  
asymmetry	
  due	
  to	
  the	
  
fragmentaBon.	
  



Cahn	
  effect	
  from	
  MC	
  and	
  <cosφ> from	
  
HERMES	
  Data	
  

20	
  

hTP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)>
 

φ
<c

os
(

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2 +HERMES h
+HERMES K

+HKNS h
+HKNS K

hTP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)>
 

φ
<c

os
(

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2 +HERMES h
+HERMES K

+DSS h
+DSS K

For	
  the	
  same	
  fixed	
  input	
  widths	
  the	
  outcome	
  of	
  MC	
  depends	
  on	
  FFs.	
  	
  



Summary	
  

•  SIDIS	
  data	
  sensiBve	
  to	
  quark	
  “iniBal”	
  intrinsic	
  
transverse	
  momenta	
  only	
  at	
  high	
  z.	
  (smearing	
  
due	
  to	
  the	
  fragmentaBon	
  dominates	
  at	
  low	
  z).	
  

•  TMD	
  fits	
  should	
  be	
  done	
  together	
  with	
  
collinear	
  FFs.	
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⟨⟨cosφ⟩⟩eA = −
2(2− y)

√
1− y

1 + (1− y)2

√
πβ

2Q
√
β +∆2F

xBfN
q⊥(x)

fN
q (x)

, (52)

⟨⟨cosφ⟩⟩eA
⟨⟨cosφ⟩⟩eN

=

√

β

β +∆2F
. (53)

We see again that ⟨⟨cosφ⟩⟩eA is suppressed compared to⟨⟨cosφ⟩⟩eN , and the suppression factor is inversely proportional
to the square-root of the total transverse momentum broadening ∆2F .
To take into account of the transverse momentum during the quark fragmentation process and its effect on the

azimuthal asymmetry, we take another Gaussian smearing

dσeN→ehX =

∫

dσeN→eqXDq→h
F (z, k⃗F⊥)dzd

2kF⊥δ
(3)(p⃗h − zk⃗′ − kF⊥)d

3ph, (54)

for the kF⊥-dependence in the fragmentation function Dq→h
F (z, k⃗F⊥), i.e.,

Dq→h
F (z, k⃗F⊥) = Dq→h

F (z)
1

παF
e−k⃗2

F⊥
/αF . (55)

Consider the case that α = β and one has the azimuthal asymmetry for the hadron production cross section

⟨cosφh⟩eN = −
2(2− y)

√
1− y

1 + (1− y)2
βz

βz2 + αF

|p⃗h⊥|
Q

xBfN
q⊥(x)

fN
q (x)

, (56)

⟨cosφh⟩eA = −
2(2− y)

√
1− y

1 + (1− y)2
βz

(β +∆2F )z2 + αF

|p⃗h⊥|
Q

xBfN
q⊥(x)

fN
q (x)

. (57)

We compare the above results with those obtained without fragmentation, Eqs. (48) and (49), and see that we have a
clear smearing effect on the azimuthal asymmetry in both e−N and e−A-scatterings. The smearing factors are given
by,

⟨cosφh⟩eN
⟨cosφ⟩eN

∣

∣

∣

|p⃗h⊥|=z|k⃗⊥|
=

βz2

βz2 + αF
, (58)

⟨cosφh⟩eA
⟨cosφ⟩eA

∣

∣

∣

|p⃗h⊥|=z|k⃗⊥|
=

(β +∆2F )z2

(β +∆2F )z2 + αF
. (59)

The suppression factor in eA compared to eN is given by,

⟨cosφh⟩eA
⟨cosφh⟩eN

=
βz2 + αF

(β +∆2F )z2 + αF
. (60)

After integrated over the magnitude of the transverse momentum, we have,

⟨⟨cosφh⟩⟩eA
⟨⟨cosφh⟩⟩eN

=

√

βz2 + αF

(β +∆2F )z2 + αF
. (61)

IV. SUMMARY AND DISCUSSIONS

Within the generalized factorization, we have calculated the SIDIS cross sections in terms of the TMD quark dis-
tributions in a nucleon or nucleus up to twist-3. The azimuthal asymmetry ⟨cosφ⟩ in the small transverse momentum
region depends on both twist-2 and 3 TMD quark distributions. By considering nuclear broadening of both twist-2
and 3 TMD quark distributions due to multiple scattering between the struck quark and nucleons inside the nucleus,
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FIG. 2: Our Fit 1 to the HERMES preliminary proton-target data [17]. The dot–dashed line is the Cahn contribution, the
dotted line is the Boer-Mulder contribution, the continuous line is the resulting asymmetry taking both contributions into
account.

• In particular the average transverse momenta for the unpolarized distribution and fragmentation functions are
respectively:

Fit 1: ⟨k2T ⟩ = 0.25 GeV2, ⟨p2T ⟩ = 0.20 GeV2 for both HERMES and COMPASS data.

Fit 2: ⟨k2T ⟩ = 0.25 GeV2, ⟨p2T ⟩ = 0.20 GeV2 for COMPASS data;

⟨k2T ⟩ = 0.18 GeV2, ⟨p2T ⟩ = 0.20 GeV2 for HERMES data.

IV. ANALYSIS OF THE ⟨cos 2φ⟩ DATA

Data on the cos 2φ asymmetry in unpolarized SIDIS at small PT have been recently presented in a preliminary form
by both the HERMES Collaboration [17] and by COMPASS [15, 16] (while this analysis was in progress the CLAS
Collaboration at JLab has released some results on ⟨cos 2φ⟩, but their conclusion is that the precision of the data
does not allow obtaining information about the Boer-Mulders function [48]). The first qualitative evidence coming
from both COMPASS and HERMES measurements is a larger asymmetry for π− production compared to π+. This
difference was predicted in Ref. [14] to be a signature of the Boer-Mulders effect, which has opposite signs for π+ and
π− (whereas the Cahn contribution, is the same for π+ and π−).
Fitting the HERMES and COMPASS data as explained in the previous Section we find in Fit 1 the following values

for the coefficients λu and λd:

λu = 2.0± 0.1 , λd = −1.111± 0.001 (Fit 1) (27)

This implies that h⊥u
1 and h⊥d

1 are both negative. The χ2 per degree of freedom of Fit 1 is χ2/d.o.f. = 3.73. The
value of λd corresponds to the saturation of the positivity bound of h⊥d

1 . Errors on the parameters were calculated
with ∆χ2 = 1.
Notice that we have excluded from the fit the COMPASS data in PT , which – as we will see below – are clearly

incompatible with the HERMES PT data and have a counter-intuitive behavior (it is in fact difficult to envisage a
transverse-momentum dependence of distribution and fragmentation functions able to describe them).
The first moments (in k2T ) of the Boer-Mulders distributions h⊥u

1 and h⊥d
1 ,

h⊥(1)
1 (x) ≡

∫

d2kT
k2T
2M2

h⊥
1 (x, k

2
T ) , (28)

Como, June 12, 2013  Anna Martin 

azimuthal asymmetries   
  
  
z dependence 

PT
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Current	
  model	
  calculaBons	
  are	
  not	
  support	
  by	
  experimental	
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